The production of extracellular P-D-fructanase by several strains of Streptococcus mutans was studied in continuous culture. When glucose was the limiting nutrient, S. mutans Kl-R and OM2176 accumulated fructanase to maximum levels at low growth rates (dilution rate 0.05-0.10 h-l), due to the longer residence times of the bacteria in the culture vessel under these conditions. Extracellular fructanase activity was greater than has been previously reported for batch cultures. The rate of fructanase production for both S. mutans strains K1-R and OMZ176 increased with increasing growth rate when glucose was limiting. Under conditions of glucose sufficiency, the rate of fructanase production was always lower than in cultures where glucose was limiting, irrespective of the growth rate. Cultures of S. mutans Ingbritt (serotype c) grown with sorbitol-or glucose-limitation synthesized fructanase at a very low basal rate. When fructose was the limiting carbohydrate the enzyme was induced with a maximum rate of production occurring at a dilution rate of 0.40 h-'. Strains of S. mutans from other serotypes (a, d, d/g) were either not affected by changing the limiting sugar from glucose to fructose or else fructanase activity was slightly decreased in the fructose-limited medium. Fructanases from various strains of S. mutans readily hydrolysed (2 -+ 6)-P-~-fructans, but all possessed the ability to hydrolyse (2 -, l)-p-D-fructans to varying degrees.
The production of extracellular P-D-fructanase by several strains of Streptococcus mutans was studied in continuous culture. When glucose was the limiting nutrient, S. mutans Kl-R and OM2176 accumulated fructanase to maximum levels at low growth rates (dilution rate 0.05-0.10 h-l), due to the longer residence times of the bacteria in the culture vessel under these conditions. Extracellular fructanase activity was greater than has been previously reported for batch cultures. The rate of fructanase production for both S. mutans strains K1-R and OMZ176 increased with increasing growth rate when glucose was limiting. Under conditions of glucose sufficiency, the rate of fructanase production was always lower than in cultures where glucose was limiting, irrespective of the growth rate. Cultures of S. mutans Ingbritt (serotype c) grown with sorbitol-or glucose-limitation synthesized fructanase at a very low basal rate. When fructose was the limiting carbohydrate the enzyme was induced with a maximum rate of production occurring at a dilution rate of 0.40 h-'. Strains of S. mutans from other serotypes (a, d, d/g ) were either not affected by changing the limiting sugar from glucose to fructose or else fructanase activity was slightly decreased in the fructose-limited medium. Fructanases from various strains of S. mutans readily hydrolysed (2 -+ 6)-P-~-fructans, but all possessed the ability to hydrolyse (2 -, l)-p-D-fructans to varying degrees.
I N T R O D U C T I O N
The induction of fructanase in oral streptococci grown in the presence of D-fructan has been demonstrated in several studies (Dacosta & Gibbons, 1968; van Houte & Jansen, 1968; Marshall & Weigel, 1980) . More recently, strains of Streptococcus mutans serotypes a, d and d/g were shown to release fructanase when grown in batch culture in the absence of fructan in a complex medium supplemented with glucose (Walker et al., 1983) . The fructanase activity of some strains, notably those of serotype c, was low in glucose medium, but increased over twofold when fructose replaced glucose in the growth medium.
In view of the limitations of batch culture, where there is an initial excess of nutrients and where the synthesis of fructanase might be susceptible to catabolite repression by metabolizable carbon sources, we have studied the effect of variation in growth conditions on the activity and the rate of synthesis of fructanase in continuous cultures of S. mutans. Growth under defined conditions enabled the effects of growth rate, glucose concentration and induction by fructose to be studied separately.
The performance of the micro-organisms in continuous culture was markedly different from that in batch culture. For all fructanase-producing strains, the chemostat studies highlighted the effect on fructanase productivity of sugar-limitation, which is the most likely condition under which micro-organisms survive in the oral cavity during fasting (no diet intake) conditions (Geddes, 1975) 
METHODS
Culture conditions. Continuous culture of S . mutans strains under carbohydrate-limited and carbohydrate-excess conditions, and the fractionation of the culture fluid was done as described previously (Walker et al., 1982) .
Measurement of' enzyme actirity. Fructanase activity of cell suspensions and dialysed cell-free filtrates was determined as described previously (Walker et al., 1983) , with Streptococcus saliuarius NCTC 8606 fructan as the standard substrate. One unit of enzyme activity (U) was defined as the amount of enzyme that released 1 pmol reducing power per min, with fructose as the standard (Dygert et af., 1965) . In most instances, fructanase activity was,expressed as U (g dry wt of cells)-' as a means of indicating the amount of enzyme secreted by a given cell mass. Aspergillus sydowi IAM 2544 fructan (Kawai et al., 1973) and S. mutans BHT fructan (Ebisu et a/., 1975) were kindly provided by Dr H. Taniguchi and Dr S. Ebisu respectively. The data presented are from individual experiments, unless otherwise indicated.
Meusurument qf'rute of' enzyme production in continuous culture. The rate of extracellular enzyme production (r) was determined according to the equation r = x D where x is the amount of the extracellular enzyme and D is the dilution rate. For the purpose of this paper, r was assumed to be constant for each dilution rate, D, once the culture had attained equilibrium after more than five changes of volume of medium in the culture vessel. (Fig. 1 a) . Even these latter levels of activity were higher than those observed in batch culture filtrates. Cell-associated fructanase activity followed a similar pattern with 0.2 % of the total activity being found in washed cell suspensions.
RESULTS

Fructanase
In contrast, the rates of production of fructanase by S . mutans Kl-R and OM2176 grown under glucose limitation increased with increasing dilution rate (Fig. 1 b) .
When S . mutans Kl-R and OMZ176 were grown in glucose-excess medium [4% (w/v) glucose], the rate of fructanase production was low at D = 0.05 h-l and only rose slightly as the dilution rate was increased. At the highest dilution rate, the rates of production in glucose-excess medium remained lower than those observed at D = 0.05 h-l in glucose-limited medium (Fig. lb) .
Eject of the limiting sugar The replacement of glucose with fructose as the limiting nutrient resulted in a large increase in both activity and the rate of production of fructanase by S. mutans Ingbritt (serotype c) at both low and high dilution rates (Table 1 ). Other strains from serotypes a, d and d/g were either unaffected by the change in carbon source or gave somewhat depressed values in fructose medium (Table 1) .
Further studies with S . mutans Ingbritt showed that fructanase production was completely repressed, regardless of dilution rate, when sorbitol was the limiting sugar (Fig. 2) . The mean rate of enzyme production was 2.4 U (g dry wt)-' h-l. Similar results were observed when sorbitol was replaced by glucose as the limiting carbohydrate. In contrast, culturing in fructoselimited medium led to induction of fructanase; the rate of production of the enzyme reached a maximum value of 120.5 U (g dry wt)-l h-I at D = 0-4 h-l and then dropped markedly as the dilution rate was increased to 0.7 h-l. In sucrose-limited medium, the rate of fructanase production rose steadily with dilution rate, reaching a maximum value of 20.6 U (g dry wt)-l h-l at D = 0.7 h-l (Fig. 2) . The effect of replacing sucrose with an equal molarity of glucose plus fructose was studied with S . mutans Ingbritt at D = 0.50 h-' (Table 2) . Continuous cultures with 15 mM-glucose alone and 15 mM-fructose alone were run as controls. In experiments 1 and 2 the limiting sugar(s) were altered daily in the order shown in Table 2 . The steady state was reached within 10 h of introducing each new medium, and then collection was continued for a further 14 h. The difference in the rate of fructanase production [U (g dry wt)-I h-l] between experiments 1 and 2 might have been due to the fact that the initial sugars were glucose and sucrose respectively. Following inoculation of the growth medium, excess sucrose existed until the culture in experiment 2 reached its maximum cell density and continuous culturing was commenced. This resulted in some wall growth. Nevertheless, when the rate of fructanase production [U (g dry wt)-' h-'] in each experiment was normalized with respect to the appropriate value in the medium containing both glucose and fructose, the results from experiment 1 were comparable with those from experiment 2 ( Table 2 ). The rate of fructanase production in cultures containing both glucose and fructose was higher than in sucrose-limited cultures, but lower than would be expected from the addition of the rates in the separate glucoseand fructose-limited cultures. These results indicated that at D = 0-5 h-l the presence of glucose in the medium modified the inductive effect of fructose on fructanase synthesis and secretion by S . mutans Ingbritt. It is known that addition of an alternately metabolized substrate to an induced culture can alter enzyme synthesis as a result of catabolite repression (Kaushik et al.,  1979) . Fructanase activity during transient states Variation in the growth rates of bacteria can often lead to over-production or oscillations in the level of enzyme activity in the transient stages between steady states (Lilley et al., 1974; Koplove & Cooney, 1979; Walker et al., 1982) . When S . mutans Ingbritt was grown in glucoselimited medium at different dilution rates a small increase in the rate of production of fructanase was observed between D = 0.05 h-l and D = 0.5 h-l (Fig. 2) . The effect on extracellular fructanase activity of S. mutans Ingbritt due to a step up followed by a step down in dilution rate was therefore studied, with samples taken at intervals corresponding to the flow of one culture volume (Fig. 3) . When the dilution rate was increased from 0*075h-' to 0.50h-l, the rate of extracellular fructanase production fell rapidly from a value of 5-8 U (g dry wt)-' h-' to a calculated negative value of -5.3 U (g dry wt)-l h-l during the first volume change (Table 3) . The rate of enzyme synthesis stabilized over subsequent volume changes to a value of 2.4 U (g dry wt)-l h-l. Consequently, the extracellular fructanase activity fell more rapidly than was predicted by a simple decrease in the residence time of the bacteria in the culture vessel.
During the subsequent step down from D = 0.50 h-l back to D = 0.075 h-l, the rate of enzyme synthesis rapidly approached a mean value of 5.8 U (g dry wt)-l h-l (Table 3) . Fructanase activity in S . mutans Ingbritt therefore returned to its starting value at a low dilution rate as a direct consequence of an increase in residence time. There was no apparent overproduction and little or no oscillation. In a similar experiment, a definite overproduction of endodextranase occurred during the step up from D = 0.075 h-l to D = 0-50 h-l (Walker et al., 1982) .
The effect of a change from a glucose-limited to a glucose-excess medium was followed when S . mutans 6715-13-201 was grown at D = 0.05 h-' and pH 6-0. Fructanase activity fell steadily from a value of 767 U (g dry wt)-' to a final value of 43 U (g dry wt)-l 100 h after increasing the glucose concentration from 0.5% (w/v) to 4.0% (w/v) (Fig. 4) . The rate of synthesis at the initial and final equilibrated states was determined. This was 38.4 U (g dry wt)-' h-l when S. mutans 6715-13-201 was grown in glucose-limited medium and 2.1 U (g dry wt)-' h-* when grown in glucose-excess medium. Similar decreases were noted at D = 0.05 h-l for S . mutans K1-R and OMZl76 when the glucose-limited medium was replaced with glucose-excess medium (cf. Fig. 1 b) .
Eflect ofpH of growth
When S . mutans Ingbritt was grown in fructose-limited medium at D = 0.1 h-l, there was very little effect on the rate of fructanase production when the pH of growth was varied in the range 5-5 to 7.5 (Fig. 5) . Strains from serotype d (B13, not shown) and d/g (6715) showed a maximum rate of production at pH 6-0, and the same pH was also optimal for S . mutans K1-R grown in the chemostat at D = 0.56 h-' (Fig. 5) .
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Hydrolysis of fructans from various sources
The rate of hydrolysis of various fructans was compared in activity digests in which the usual substrate, the (2 -+ 6)-P-~-fructan of S. salivarius, was replaced with (2 -$ l)-P-D-fructans from Aspergillus sydowi, S. mutans BHT, or inulin. The results for initial rates (Table 4) indicated that the major activity in culture filtrates of S. mutans Kl-R and AHT corresponded to a (2 -+ ~)-P-Dfructanase. The activity towards (2 -+ l)-P-D-frUCtanS was in the range 3-11% of that towards ., S. mutuns BHT (2 + l)-P-D-fructan; a, inulin.
(2 + 6)-P-~-fructan. By contrast, the activity of S . mutans Ingbritt culture filtrates towards (2 -+ l)-p-D-fructans was considerably higher, and these were hydrolysed at -35 % of the rate of hydrolysis of S. salivarius fructan. Variations in the growth conditions did not markedly alter the relative rates of hydrolysis of the fructans, even when the activity ranged from 3 to 169 U 1-l.
The limit of hydrolysis of the four fructans by S. mutans Ingbritt and K1-R culture filtrates (0.05 U and 0.54 U of fructanase, respectively) was tested in digests (1 ml) containing 1 mg of fructan. Although the initial rates of reaction with (2 -+ l)-P-D-fructans were comparable, the hydrolysis with K 1 -R fructanase showed an inflection after 25-30% degradation; thereafter, release of fructose occurred more slowly (Fig. 6a) . With the fructanase from S. mutans Ingbritt the reaction proceeded rapidly until the extent of hydrolysis was 70-75% (Fig. 6b) and the degradation then continued till all the fructans were over 90% converted into fructose. Hydrolysis of (2 -+ l)-P-D-fructans of A . sydowi and S. mutans BHT with the fructanase from S. mutans AHT (not shown) followed a similar course to that of the fructanase from S. mutans Kl-R.
DISCUSSION
When S. mutans strains are grown in continuous culture at low dilution rate they accumulate high levels of fructanase (Table 1 ). This is due to the long residence times of the bacteria within the culture vessel. However, when considering the induction of an enzyme, the rate of enzyme production, not the absolute enzyme activity per unit volume of medium, is of prime concern. This fact does not appear to have been considered in a number of papers where extracellular enzyme production in chemostats has been studied (Grootwassink & Fleming, 1980; Grootwassink & Hewitt, 1983; Clarke et al., 1968; Toda, 1976a, b) .
In the case of S. mutans K 1-R and OM21 76, the rate of fructanase synthesis and secretion was directly related to increasing dilution rate when grown in glucose-limiting medium (Fig. 1) . In contrast, the rate of enzyme synthesis was significantly reduced when these two strains as well as S. mutans 6715-13-201 were grown in glucose-excess medium. This may have been due to catabolite repression by excess glucose. Synthesis of catabolic enzymes in micro-organisms can be repressed during growth in the presence of any sugar that the cells can use as a source of energy and carbon (Magasanik, 1961 ; McFall & Mandelstam, 1963) . The specific activity of induced catabolic enzymes can therefore vary over 1 00-fold, since production depends on the balance between the contribution of induction and catabolite repression (Reese, 1972) , coupled with the influence that environmental conditions have on these control mechanisms (Demain, 197 1 ).
An earlier survey of fructanase activity in batch cultures of various oral bacteria indicated that S . mutans Ingbritt produced only I%, or less, of the fructanase released by S . mutans serotypes a, d and d/g (Walker et al., 1983) . The present results, which illustrate the ability of S . mutans Ingbritt to adjust to changes in the environment, have revealed that the yields of enzyme from batch cultures were totally unrepresentative of the potential microbial activity towards fructans, and thus gave misleading information. S . mutans Ingbritt exhibited only a basal rate of production of fructanase when grown in sorbitol-or glucose-limited medium. However, when these sugars were exchanged for fructose, the enzyme was induced and reached, at D = 0.4 h-' , a maximum rate of production some 240-fold greater than the rates observed in batch cultures grown on glucose.
The characteristic 'bell'-shaped curve for fructanase production in fructose-limiting medium (Fig. 2) is also apparent when fructanase activity per litre is plotted against dilution rate (data not shown), and has been observed in a number of studies (Grootwassink & Hewitt, 1983; Clarke et al., 1968; Toda, 1976a, 6) . Although no analysis was made in relation to rates of enzyme synthesis, Toda (19766) attributed 'bell'-shaped curves in general to a dual control mechanism, with a simultaneous effect on induction and repression of enzyme biosynthesis. A similar situation undoubtedly occurs in the case of fructanase production by S . mutans Ingbritt grown in fructose-limiting medium. As the dilution rate in continuous culture increases, the limiting nutrient in the medium increases from its theoretical zero concentration. Thus, one possible explanation for the 'bell'-shaped curve is that while fructose is limiting at low dilution rates, fructanase is induced by the sugar, but as the concentration of fructose in the medium increases, the enzyme becomes repressed (Toda, 1976b) . This view is supported by the observation that S . mutans Ingbritt grown on 2% (w/v) fructose in batch culture at pH 6.0 posseses a low rate of fructanase production (3 U (g dry wt1-l h-I ; Walker et al., 1983) .
When S . mutans Ingbritt was cultured during the transition from D = 0-5 h-' to D = 0.075 h-' , the rate of fructanase production increased rapidly over one volume change and then maintained a rate of synthesis close to 5.8 U (g dry wt)-I h-I. The amount of enzyme detected in the cell-free culture fluid increased with the increased residence time, as predicted, until a maximum value was obtained. However, in stepping up from D = 0.075 h-' to D = 0.5 h-' the measured fructanase activity decreased more rapidly than would be expected from a simple dilution of the culture by the fresh inflowing medium. This gave rise to an apparent initial negative rate of production of the enzyme during the first two volume changes. This result could be explained in one of three ways. First, the enzyme present in the culture fluid could become cell-associated, retaining or losing its enzymic activity. Secondly, the enzyme could be degraded. Thirdly, the cells could produce a fructanase inhibitor similar to the inhibitor of dextranase activity (Hamelik & McCabe, 1982) . These possibilities are presently under investigation, though it is known that for S . mutans 6715-13-201 mixing the culture fluids from D = 0.05 h-' and D = 0.45 h-I does not affect the total fructanase activity, indicating that in this strain at least, it is unlikely that culture filtrates obtained at high growth rates contain an inhibitor of fructanase activity (unpublished observations).
The variation in fructanase activity achieved by manipulation of the growth rate and alteration of the limiting sugar during continuous culture of S . mutans Ingbritt ranged from 3 U 1-I, in glucose medium, to 169 U l-', in fructose medium (Table 4) . Despite this variation, the relative activity towards S . salivarius (2 -+ 6)-P-~-fructan, A . sydowi (2 + l)-p-D-fructan and inulin remained virtually constant. Either the fructanase from S. mutans Ingbritt is non-specific, or this strain produces two enzymes, a (2 -+ 6)-P-~-fructanase and a (2 -+ l)-P-D-fructanase, which, being under the control of identical regulatory mechanisms, respond in a similar fashion to alterations in the environment. The isolation of either one, or two, purified fructanases will clarify this point. A fructanase from S . salivarius has been purified to the extent that the enzyme was active towards (2 -+ 6)-P-D-fructan, but no longer hydrolysed inulin (Takahashi et af., 1983) . Fructanases from S . mutans strains K1-R and AHT showed a high specificity towards (2 -+ 6)-P-~-fructan, and it may prove possible to remove the slight activity (-3%) towards (2 -+ l)-p-D-fructan. Extracellular fructanase(s) released by S . mutans Ingbritt were able to hydrolyse all the fructans tested almost completely to fructose, while strain Kl-R also achieved a high limit of conversion (Fig. 6 a , b) . Thus, no matter whether the predominant fructan synthesized by microorganisms in dental plaque were (2 + 1)-or (2 + 6)-/?-D-fructans, S. mutans strains from serotypes c, d and d/g could utilize them. This paper is part VII of the series: Metabolism of the Polysaccharides of Human Dental Plaque.
